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INTRODUCTION 

A v a r i e t y  o f  p o t e n t i a l  a p p l i c a t i o n s  f o r  mass a l g a l  c u l t u r e  a r e  o f t e n  proposed. 
suggested uses  f o r  a l g a l  biomass inc lude  use as fe r t i l i zers ,  raw m a t e r i a l  f o r  ex- 
t r a c t e d  commercial chemicals, animal o r  human p r o t e i n  supplements e i t h e r  d i r e c t l y ,  o r  
i n d i r e c t l y  through incorpora t ion  i n t o  aquacul ture  systems, a s  wel l  a s  energy v i a  con- 
v e r s i o n  t o  methane gas  (1) .  In  s p i t e  of  t h e  apparent  p o t e n t i a l  usefu lness  of a l g a l  
biomass and years  of research  centered  around understanding a l g a l  growth i n  both lab-  
o r a t o r y  and f i e l d  c u l t u r e ,  mass a l g a l  c u l t u r e  has  not ye t  been commercially r e a l i z e d  
t o  any l a r g e  ex ten t .  

The primary reason f o r  t h i s  lack of success  l i es  i n  t h e  complexity of t h e  process  of 
l a r g e  s c a l e  a l g a l  c u l t u r e .  Attempts a t  modelling t h e  spec ies '  s p e c i f i c  responses of 
a l g a l  c u l t u r e  has been at tempted with varying degrees  of  success  ( 2 - 6 ) .  The cont in-  
ued development o f  such models w i l l  l i k e l y  be t h e  only successfu l  means of answering 
t h e  many ques t ions  concerning optimum des ign  and opera t ion  of f u t u r e  a lgae  c u l t u r e .  

Most mathematical models descr ib ing  a l g a l  growth revolve around t h r e e  c e n t r a l  sub- 
models. These sub-models a t tempt  t o  d e f i n e  t h e  growth of a p a r t i c u l a r  a l g a  a s  a func- 
t i o n  of the important environment parameters ;  n u t r i e n t  concent ra t ion ,  l i g h t  l e v e l s  and 
temperature. 
as a func t ion  of  t h e s e  t h r e e  f a c t o r s .  
many p o s s i b l e  l i m i t i n g  n u t r i e n t s ,  mul t i tudes  of  p o s s i b l e  dominating a l g a l  spec ies ,  com- 
bined w i t h  i n t e r a c t i o n  between t h e  t h r e e  c e n t r a l  v a r i a b l e s ,  t h e  r e s u l t a n t  models be- 
come extremely d e t a i l e d  and complex. 
c u l t u r e ,  it i s  of ten  t h e  case  t h a t  two f a c t o r s ,  i n  p a r t i c u l a r ,  become most important 
i n  c o n t r o l l i n g  product ion.  
concent ra t ion  t o  meet a l g a l  carbon uptake r a t e s  and t h e  a v a i l a b i l i t y  of s u f f i c i e n t  
l i g h t  i n t e n s i t y  t o  supply t h e  energy needs of t h e  growing c u l t u r e ,  a r e  o f t e n  suggest-  
ed a s  c o n t r o l l i n g  net  c e l l  p r o d u c t i v i t i e s  (1 ,7 ,11) .  

For t h e s e  reasons,  a t t e n t i o n  has  been d i r e c t e d  a t  understanding more f u l l y  t h e  s i t u a -  
t i o n  of  l i g h t  and inorganic  carbon l i m i t a t i o n  of a l g a l  growth. I t  i s  t h e  purpose of 
t h i s  d i scuss ion  t o  examine t h e  n a t u r e  of  t h e  carbon l i m i t e d  response of  a lgae  and t o  
combine a q u a n t i t a t i v e  model of t h i s  behavior  wi th  models descr ib ing  t h e  carbonate  
equi l ibr ium chemistry and flow-through a l g a l  c u l t u r e .  These r e l a t i o n s h i p s  w i l l  be 
examined under both non- l igh t  and l i g h t  l i m i t i n g  condi t ions .  

The 

These models a t tempt  t o  s imula te  t h e  response of a l g a l  c e l l  product ion 
Although s i m p l e  i n  concept ,  because of t h e  

However, i n  t h e  s i t u a t i o n  of high dens i ty  a lgae  

The supply o f  inorganic  carbon a t  a s u f f i c i e n t  r a t e  and 
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I .  Algal  Response t o  C 0 z f  

Over t h e  years  cons iderable  controversy h a s  developed over  t h e  i n t e r p r e t a t i o n s  of 
d a t a  concerning t h e  uptake of  t h e  v a r i o u s  forms of  inorganic  carbon by u n i c e l l u l a r  
a lgae  (4,7,8,9,10,12) .  Early i n v e s t i g a t o r s  f e l t  t h a t  most a lgae  were capable  of us-  
ing  e i t h e r  d i sso lved  carbon d ioxide  (COz ) o r  bicarbonate  (HCq) a s  a carbon source.  f 
The b a s i s  f o r  t h e  b e l i e f  i n  HCOF uptake was centered on observa t ions  of  a l g a l  c u l t u r e  
growth t o  pH va lues  a s  h igh  as 11.0.  

enzyme Ribulose diphosphate  carboxydismutase y ie lded  va lues  as  h igh  as 
l i t e r ,  i t  was f e l t  t h a t  t h e  C02 concent ra t ions  i n  high pH c u l t u r e s  

S ince  i n  v i t r o  s t u d i e s  on t h e  Ksco2 of  t h e  -- 
moles/ 

- l o -*  m/l) 
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was Simply too  low t o  supply t o  carbon needs of  t h e  growing c u l t u r e  (9). 

I Goldman (12) on t h e  o t h e r  hand suggested t h a t  t h e  in te rconvers ion  o f  one carbon form 
t o  another  was much more rap id  than was t h e  carbon uptake rate of a growing a l g a l  cul-  
t u r e .  
b e s t  be represented as a Monod model of t h e  s p e c i f i c  growth r a t e  v s .  t h e  t o t a l  carbon 
concentrat ion (CT). 
e f f e c t s  of  c u l t u r e  pH. 

Recent work by Brune (15) has ,  however, l e d  t o  t h e  continued development of yet  anoth- 
e r  model f i rs t  proposed by King ( 7 ) .  
experiments i n  which t h e  ba tch  growth of labora tory  c u l t u r e s  of  var ious  f reshwater  a l -  
gae were s tud ied .  
1-5. 
carbon l imi ted  growth response could bes t  be modelled as a Monod f i t  of II v s .  COzf 
(Figure 1 ) .  
yielded p l o t s  a t y p i c a l  of what i s  considered normal microbia l  response t o  l i m i t i n g  
n u t r i e n t  l e v e l s .  

I n  an attempt t o  quant i fy  any e f f e c t s  from varying c u l t u r e  pH on t h i s  r e l a t i o n s h i p ,  
severa l  c u l t u r e s  were grown i n  which the  i n i t i a l  c u l t u r e  a l k a l i n i t y  was var ied .  The 
ne t  r e s u l t  of t h i s  modi f ica t ion  was t h e  observa t ion  of p a t  similar COzf  concentra-  

t i o n s  but a t  d i f f e r i n g  pH va lues .  
e f f e c t ,  which was f i r s t  i n t e r p r e t e d  a s  a suppression of growth r a t e  by increased cu l -  
t u r e  pH. 
On t h e  o t h e r  hand, a s t rong  c o r r e l a t i o n  was discovered between t h e  Ksco2 of the  a l g a l  
response and t h e  i o n i c  s t r e n g t h  of t h e  growth medium. 
t h i s  e f f e c t  could be reproduced independent ly  of pH by i n c r e a s i n g  t h e  i o n i c  s t rength  
of t h e  growth medium with addi t ions  of NaCl (Figure 5 ) .  

Thus, t o  da te ,  t h e  s imples t  model capable of s imula t ing  t h e  carbon l imi ted  a l g a l  re -  
sponse over  t h e  widest  p o s s i b l e  combinations of  environmental condi t ions  appears t o  
be a Monod f i t  of p vs. COzf  modified by i n c r e a s i n g  Ksco2 with increas ing  c u l t u r e  
i o n i c  s t rength .  
pears  t o  have l i t t l e ,  i f  any, e f f e c t  on t h i s  r e l a t i o n s h i p .  

The importance of  t h i s  model i s  r e a l i z e d  when t h i s  b i o l o g i c a l  response i s  combined 
wi th  equat ions descr ib ing  t h e  carbonate equi l ibr ium chemistry t o  produce a powerful 
p r e d i c t i v e  model of a l g a l  c u l t u r e  behavior .  

11. Combininz t h e  Bio logica l ,  Physical  and Chemical Responses 

Given t h a t  t h e  s p e c i f i c  growth r a t e  ( p )  of a carbon l i m i t e d  a l g a l  c u l t u r e  can be de- 
f i n e d  as :  

This led  him t o  conclude t h a t  carbon l i m i t e d  response of an a l g a l  c u l t u r e  may 

He f u r t h e r  suggests  t h a t  t h i s  r e l a t i o n s h i p  must be modified by 

The b a s i s  f o r  t h i s  model e x i s t s  i n  an a r r a y  of 

of these  c u l t u r e s  is i l l u s t r a t e d  i n  Figures  The t y p i c a l  behavior  
I t  was found t h a t  f o r  t h e s e  c u l t u r e s  growing over a wide range of pH (7-11) t h e  

In c o n t r a s t  t o  t h i s ,  f i t s  of  p t o  HCO; (Figure 2) or  p t o  CT (Figure 3) 

A sample of t h e  d a t a  (Figure 4)  did  i n d i c a t e  an 

However, a t tempts  t o  relate p t o  pH d i d  n o t  prove p a r t i c u l a r l y  successfu l .  

I t  was l a t e r  discovered t h a t  

For t h e  a lgae  examined t h u s  f a r ,  c u l t u r e  pH over  a wide range ap- 

I n  addi t ion  i n  a continuous flow a l g a l  c u l t u r e ,  an a l g a l  cel l  mass balance g ives  (12) ;  

- :t = DX1 - DX2 + pX2 - K X 
d 2  

A t  s teady s t a t e  (dx/dt = 0) and i n  t h e  case  of a r a p i d l y  growing c u l t u r e  with t h e  
decay r a t e  (Kd) taken as zero,  and with t h e  i n f l u e n t  c e l l  concent ra t ion  (XI) a l s o  zero, 
t h i s  equat ion reduces t o :  

= D = i / e  3) 
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Therefore ,  t h e  above r e l a t i o n s h i p  sugges ts  t h a t  once t h e  d i l u t i o n  r a t e  (D) of  a con- 
t inuous  a l g a l  c u l t u r e  is f i x e d  and s t e a d y  s ta te  i s  achieved,  the  s p e c i f i c  growth r a t e  
i s  also f ixed .  The COzf concent ra t ion  of t h e  e f f l u e n t  can then be obtained from the  
combination o f  equat ions 1 and 3 ;  

KSC02 

'max 
[CO 1 = 

- -  
D 1  

4) 

If t h e  buf fer ing  caFac i ty  of t h e  c u l t u r e  media i s  dominated by the  C02-carbonate-bi- 
carbonate  system and i f  t h e  i n f l u e n t  pH and t o t a l  t i t r a t a b l e  a l k a l i n i t y  a r e  known, 
then t h e  c e l l  concentrat ion and pH of  t h e  e f f l u e n t  can be obtained by combining equa- 
t i o n  4 with t h e  carbonate  equi l ibr ium equat ions given by Stumm; 

- c  a l g a l  
biomass = 'A = 'T1 T2 

- [AlK] + [H+] - [OH-] 
a . +  2a where: cT1 1 2  

The C concentrat ion ( e f f l u e n t )  i s  determined by p max, D and KSCO and i s  given by: 
T2 2 

Since  a l k a l i n i t y  i s  unaf fec ted  by a l g a l  growth (except f o r  minor modif icat ion;  see  
Brewer 14) and i s  known, and s i n c e  [C02l2 i sde te rmined  by D, umax and Ks,-02 and a r e  
a l s o  known, t h e  e f f l u e n t  c u l t u r e  pH can be obtained.  
a 4 t h  order  equat ion and given by Ricc i  (17) .  The predic ted  c u l t u r e  pH f o r  a hypo- 
t h e t i c a l  a lgae (a composite of pooled d a t a )  with a pmax of  0.10 h r - l  and K s ~ o ~ r a n g i n g  
from 0.17 x 10-6 m / l  t o  8.1 x 10-6 m / l  (depending on i o n i c  s t r e n g t h )  is given i n  Figure 7. 

A s  can be seen, t h e  tendency toward h i g h e r  c u l t u r e  pH as a r e s u l t  of increas ing  alka-  
l i n i t y  i s  eventua l ly  overpowered by t h e  decreas ing  a b i l i t y  of the  a lgae  t o  e x t r a c t  C02 
t o  low l e v e l s  a t  t h e  increased  i o n i c  s t r e n g t h  due t o  h igher  a l k a l i n i t y  l e v e l s .  
n e t  r e s u l t ;  a t  high a l k a l i n i t y ,  cont inuous c u l t u r e s  w i l l  s t a b i l i z e  a t  lower pH values  
a t  a given de ten t ion  time. Support f o r  t h e  t h e o r e t i c a l  model has been obtained i n  t h e  
form of d a t a  from a c t u a l  cont inuous c u l t u r e s  of  t h e  a l g a  Scenedesmus quadricauda. As 
can be seen (Figure 6) t h e  form of  t h e  curve i s  as predic ted .  

The important impl ica t ions  o f  t h i s  model a r e  summarized i n  Figures  8 and 9. 
pH i s  allowed t o  d r i f t  without  c o n t r o l ,  a l a r g e  percentage o f  t o t a l  carbon i n  t h e  in-  
f l u e n t  medium w i l l  no t  be u t i l i z e d .  
(Figure 8) t h e  carbon u t i l i z a t i o n  w i l l  range from only 10 t o  30% depending on c u l t u r e  
a l k a l i n i t y .  
( a s  NaHC03) w i l l  not  provide f o r  e f f i c i e n t  u t i l i z a t i o n  of inorganic  carbon. 
through acid addi t ion  would markedly improve tlre s i t u a t i o n ;  however, t h e  c o s t s  of con- 
t inuous  acid addi t ion  combined with dangers  of i n s t a b i l i t y  produced by des t roying  the  

The so lu t ion  is i n  t h e  form of 

The 

If c u l t u r e  

A t  t h e  d e t e n t i o n  time giving optimum production 

Therefore ,  a t tempts  t o  i n c r e a s e  carbon supply by a l k a l i n i t y  addi t ion  alone 
PH cont ro l  
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c u l t u r e  bu f fe r ing  capac i ty  do not  favor  t h i s  technique.  

Apparently t h e  only e f f e c t i v e  means of maintaining carbon supply through pH control  
w i l l  be  through C02 add i t ion .  
t i o n  a very energy in t ens ive  means of C02 t r a n s f e r .  
been u t i l i z e d  f o r  years  i n  sewage t reatment  lagoons i s  t h e  supply of  C02 from bacter-  
i a l  degradat ion of  waste organics .  
case;  t h e  p r i c e  being t h e  loss  of a l g a l  p r o d u c t i v i t y  by shading of l i g h t  from the add- 
ed b a c t e r i a l  biomass. 

Unfortunately,  t h e  low C02 content  of  a i r  makes aera-  
An a l t e r n a t i v e  method which has 

However, nothing comes f r e e  and so  i t  is  i n  t h i s  

LIGHT LIMITED ALGAL CULTURE 

Once t h e  carbon l i m i t a t i o n  of t h e  a l g a l  c u l t u r e  i s  removed, t h e  c u l t u r e  w i l l  respond 
by inc reas ing  c e l l  dens i ty  u n t i l  another  f a c t o r  f i n a l l y  l i m i t s  c e l l  product ion.  In  
many cases  t h i s  f a c t o r  w i l l  be t h e  a v a i l a b i l i t y  of l i g h t .  Pipes ( 1 8 )  demonstrated 
t h a t  n e t  a l g a l  c e l l  production i n  a l i g h t  l imi t ed  c u l t u r e  i s  independent of  cu l tu re  
de t en t ion  t ime. Thus t h e  a l g a l  c e l l  d e n s i t y  (X)  is a l i n e a r  funct ion of detent ion 
time ( e ) ;  

Smith (19) showed t h a t  t h e  ove ra l l  p roduc t iv i ty  (P) could be r e l a t e d  t o  t h e  biologi-  
c a l  response of t h e  a lga  t o  l imi t ing  l i g h t  and t h e  i n c i p i e n t  l i g h t  l e v e l s  by t h e  equa- 
t ion ;  

Using t h e  in t eg ra t ed  form of t h i s  equat ion given by Groden (20),  with va lues  of t h e  
e x t i n c t i o n  c o e f f i c i e n t  of a l g a l  biomass from Lehman (3)  ( E  = 1 . 2  x 10-7 l /cel l -m) 
t h e  response of t h e  c e l l  dens i ty  of a shal low l i g h t  l imi t ed  c u l t u r e  of an a lga  with 
Pmax = 0.10 hr-1, I o =  5000 f c ,  t o  i nc reas ing  de ten t ion  t ime is given i n  Figure 10 
(computer generated so lu t ions  t o  equation IO). 
responses l i n e a r l y  t o  hydrau l i c  de t en t ion  t ime a s  p red ic t ed  by t h e  e a r l i e r  equation 
from Pipes.  The idea l  behavior i l l u s t r a t e d  i n  t h i s  f i g u r e  w i l l  be modified by many 
f a c t o r s ;  of  prime importance w i l l  be t h e  add i t iona l  l i g h t  shading by t h e  added bac- 
t e r i a l  biomass and t h e  e f f e c t s  of b a c t e r i a l  CO 
present  may be p red ic t ed  from equat ions desc r i2 ing  t h e  decay o f  i n f l u e n t  BOD; 

A s  seen in t h i s  f i g u r e ,  c e l l  d e n s i t y  

product ion.  The b a c t e r i a l  biomass 

where BOD E = BODI 11) 

The b a c t e r i a  biomass may be p red ic t ed  from equat ions given by Lawrence and McCarty 
( 1 6 )  ; 

(BODI - BODE) 
x = Y  B B i + ~ ~ e  

and t h e  r a t e  of  supply of C 0 2  from t h e  b a c t e r i a l  decomposition of t h e  incoming BOD: 

Using these  equat ions Figure 10 i s  modified t o  account f o r  added b a c t e r i a l  biomass 
and CO production and t h e  r e s u l t a n t  modif icat ions a r e  presented i n  Figures 1 2  and 2 
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13. 
Y = 0.55, decay rate b = 0.55, C1 = 0.018 mi l l i -moles  COg/mg BOD oxidized and a co- 
e f f i c i e n t  of e x t i n c t i o n  of l i g h t  from t h e  b a c t e r i a l  biomass t h e  same as f o r  t h e  a l g a l  
biomass, t h e  e f f e c t s  of t h e  added b a c t e r i a l  biomass a r e  i l l u s t r a t e d  i n  Figure 1;. 
Perhaps t h e  most important r e s u l t  of t h i s  e f f e c t  can be seen as t h e  requirement f o r  
longer  and longer d e t e n t i o n  time a t  i n c r e a s i n g  depth  t o  achieve a s t a b l e  a l g a l  c e l l  
popula t ion .  
of lowered average l i g h t  l e v e l s  p e r  u n i t  o f  a l g a l  biomass. 

The f i n a l  upper l i m i t  on c e l l  biomass w i l l  aga in  come through carbon l i m i t a t i o n  and 
t h i s  added e f f e c t  i s  combined with t h e  shading e f f e c t  t o  produce Figures  11 and 13 .  
These f i g u r e s  i l l u s t r a t e  t h e s e  combined e f f e c t s  on c u l t u r e  pH and a l g a l  cel l  biomass. 
When b a c t e r i a l  CO2 product ion exceeds a l g a l  CO2 f i x a t i o n  the  e f f e c t  w i l l  be t o  d r i v e  
t h e  pH below t h e  atmospheric equi l ibr ium pH. 
w i l l  depend on t h e  rate at which Cog t r a n s p o r t s  across  t h e  water sur face  and e x i t s  
from t h e  c u l t u r e .  

Assuming a s t rong  waste i n f l u e n t  with a BOD of  500 mg/l, a y i e l d  c o e f f i c i e n t  

This e f f e c t  i s  due s o l e l y  t o  t h e  s lower a l g a l  growth r a t e  as a r e s u l t  

The lowest leve l  t h a t  pH w i l l  f a l l  t o  

A t  a s teady  s t a t e  pH; 

net 
CO2 

d C 0 2  

d t  
- -  

- product ion = KLa (c02s - “2) 

On t h e  o t h e r  hand, if  a l g a l  CO2 uptake exceeds b a c t e r i a l  CO2 product ion,  t h e  c u l t u r e  
pH w i l l  rise according t o  the  carbonate  equi l ibr ium chemistry and carbon uptake be- 
havior  of  t h e  a lgae  as d e t a i l e d  i n  equat ion  8.  Unfortunately,  because of low atmos- 
pher ic  CO2 l e v e l s ,  CO2 input  (unless  aggress ive ly  suppl ied)  from s u r f a c e  t r a n s p o r t  
w i l l  n o t  usua l ly  c r e a t e  a s i g n i f i c a n t  pH s t a b i l i z i n g  e f f e c t  as w i l l  C02 t r a n s p o r t  out  
of t h e  so lu t ion .  The t o t a l  a l g a l  cel l  biomass w i l l  respond by increas ing  i n  d e n s i t y  
with increas ing  d e t e n t i o n  time u n t i l ,  as a r e s u l t  o f  t h e  pH r i s e ,  t h e  CO2f concentra-  
t i o n  aga in  l i m i t s  c e l l  product ion.  The e f f e c t  o f  e i t h e r  increas ing  c u l t u r e  depth or 
increased  i n f l u e n t  BOD l e v e l s  w i l l  both d e l a y  t h e  onse t  of  carbon l i m i t a t i o n  and i n -  
c rease  t h e  de ten t ion  time f o r  a s t a b l e  a l g a l  biomass populat ion.  

LIGHT AND C 0 2  MODELS AS A PREDICTIVE TOOL 

The model presented h e r e  cons iders  on ly  t h e  case  of  carbon and l i g h t  l imi ted  growth 
of a l g a l  c u l t u r e .  I t  is ,  o f  course ,  an over -s impl i f ica t ion  of complex a lga l -bac ter -  
i a l  cu l ture ;  r a t h e r , t h i s  model i s  viewed a s  a s t a r t i n g  poin t  f o r  a more comprehensive 
model which w i l l  be developed t o  inc lude  t h e  important modif iers  of  t h e  r e l a t i o n s h i p s  
presented  h e r e .  O f  p a r t i c u l a r  importance w i l l  be a d d i t i o n s  t o  t h e  chemical model t o  
account f o r  var ious  non-carbonate b u f f e r s  such a s  ammonia, phosphates ,  bora tes ,  etc. 
F i e l d  determinat ion o f  t h e  many empir ica l  cons tan ts  must be made, as well as an as-  
sessment o f  t h e  v a l i d i t y  o f  applying t h e  labora tory  der ived k i n e t i c  d a t a  t o  f i e l d  
s i t u a t i o n s .  

Although t h e  model may be s i m p l i s t i c  i n  n a t u r e ,  t h e  power of a s imple carbon and 
l i g h t  l i m i t a t i o n  model i n  p r e d i c t i n g ,  i n  genera l ,  responses  of f i e l d  a l g a l  c u l t u r e  
should not be dismissed.  Observat ions of a l g a l  c e l l  product ion from a r e c e n t  p i l o t  
s tudy  (21) i n d i c a t e  t h a t  t h e  t h e o r e t i c a l  behavior  d e s c r i b e s  reasonably wel l  the  a c t u a l  
c u l t u r e  responses  (Figure 1 4 ) .  Although complicated by changing i n f l u e n t  BOD load-  
i n g  r a t e s  used i n  t h i s  s tudy,  t h e  observa t ions  of c e l l  d e n s i t y  compare wel l  with p r e -  
d i c t e d  l i g h t  and carbon l i m i t e d  va lues .  The c u l t u r e  pH, which was observed t o  rise 
t o  10 i n  shal low c u l t u r e s ,  and l e v e l  off  a t  8 .0-9.0 i n  deeper  c u l t u r e s ,  while  drop- 
p i n g t o 7 . 6  i n  t h e  b a c t e r i a l  c u l t u r e s ,  behaves as predic ted  by t h e  C0zf l i m i t a t i o n  
model. A simple y e t  of ten  unapprec ia ted  c o r o l l a r y  of t h e  carbon model suggests  
t h a t  whenever c u l t u r e  pH r i s e s  above t h e  atmospheric equi l ibr ium va lue ,  ex terna l  c a r -  
bon is not being suppl ied a t  a ra te  f a s t  enough t o  meet t h e  a l g a l  carbon f i x a t i o n r a t e ,  
thus the  c u l t u r e  o b t a i n s  t h e  needed carbon by e x t r a c t i n g  it from t h e  carbonate  system. 
Unless t h i s  s i t u a t i o n  i s  c a r e f u l l y  cont ro l led ,  t h e  pH may s t a b i l i z e  a t  va lues  which 
y i e l d  C0zf concent ra t ions  t h a t  w i l l  l i m i t  a l g a l  grow rates. 
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An attempt has  been made t o  q u a n t i t a t i v e l y  show t h e  importance of COff  concent ra t ion  
i n  c o n t r o l l i n g  a l g a l  c e l l  product ion.  

j through c a r e f u l  s e c t i o n  of  de ten t ion  time, i n f l u e n t  BOD, and depth of a combined a l -  
g a l - b a c t e r i a l  c u l t u r e .  

Even though b a c t e r i a l  decomposition of  organics  t o  C02, followed by C 0 2  f i x a t i o n  by 
algae,  does not  represent  a n e t  organic  carbon f i x a t i o n ,  it can be used t o  obta in  a 
ne t  energy f i x a t i o n .  This  may be p a r t i c u l a r l y  a p p l i c a b l e  t o  t h e  s i t u a t i o n  i n  which 
a l g a l  biomass i s  converted t o  methane gas v i a  anaerobic  d i g e s t i o n .  
from gas combustion and t h e  low energy s h o r t  chain organics  i n  t h e  d i g e s t e r  e f f l u e n t  
represent  a recyc lab le  carbon supply t o  be re turned  t o  t h e  a l g a l  ponds. 
ua t ion  t h e  importance of  proper  balancing of  a l g a l  C02 uptake a g a i n s t  b a c t e r i a l  C02 
production cannot be over-emphasized. An imbalance i n  e i t h e r  d i r e c t i o n  w i l l  r e s u l t  
i n  a l o s s  of e f f i c i e n c y  i n  carbon u t i l i z a t i o n .  
e t e r s  w i l l  l i k e l y  come through continued development and refinement of models such as 
presented here .  

One promising method of  CO2f - pH cont ro l  i s  

The r e s u l t i n g  C 0 2  

I n  t h i s  s i t -  

Proper s e l e c t i o n  of  t h e  c o n t r o l  param- 

SUMMARY 

T h e c a r b o n l i m i t e d k i n e t i c r e s p o n s e s o f v a r i o u s  f a s t  growin g a l g a l  spec ieshavebeen  sum- 
marized. 
c u l t u r e  may b e s t  be represented  as a Monod f i t  t h e  s p e c i f i c  growth r a t e  ( p )  t o  t h e  
f r e e  carbon d ioxide  concent ra t ion  (C0zf). 
importance appear t o  be l i g h t  l e v e l s ,  temperature  and t h e  i o n i c  s t r e n g t h  of  t h e  growth 
media. 

The var ious mathematical models descr ib ing  t h e  a l g a l  b i o l o g i c a l  response t o  l i m i t i n g  
COzf concentrat ion,  t h e  carbonate  equi l ibr ium chemistry and t h e  phys ica l  configura-  
t i o n  of a flow-through microbia l  c u l t u r e  a r e  combined t o  y i e l d  equat ions which pre-  
d i c t  t h e  pH, t o t a l  carbon concent ra t ion  (CT) and a l g a l  c e l l  concent ra t ion  of  a con- 
t inuous a l g a l  c u l t u r e ,  given a pmax and Ksco2 f o r  the  a l g a  of  i n t e r e s t .  This  model 
i s  f u r t h e r  used t o  i l l u s t r a t e  t h e  u n d e r - u t i l i z a t i o n  of  inorganic  carbon i n  mass a l g a l  
c u l t u r e s  i n  which t h e  pH i s  uncont ro l led .  

One method of pH cont ro l  i n  such c u l t u r e s  involves  t h e  u t i l i z a t i o n  of CO2 supply from 
b a c t e r i a l  degradat ion of waste organics  i n  t h e  i n f l u e n t  c u l t u r e  medium. I n  such a 
s i t u a t i o n  both t h e  c u l t u r e  pH and a l g a l  c e l l  product ion w i l l  o f t e n  be governed by 
e i t h e r  carbon o r  l i g h t  l i m i t a t i o n  depending pr imar i ly  on t h e  i n f l u e n t  BOD loading,  de- 
t e n t i o n  time and c u l t u r e  depth.  An example i s  given i n  which t h e  l i g h t  dependent 
response of  a p a r t i c u l a r  a l g a  is combined with equat ions  d e s c r i b i n g  t h e  b a c t e r i a l  
cell and C 0 2  product ion as a func t ion  of i n f l u e n t  BOD. The r e s u l t a n t  c a l c u l a t i o n s  
are used t o  expla in  why a l g a l  populat ions i n  combined a l g a l - b a c t e r i a l  c u l t u r e  a r e  
o f t e n  observed t o  be u n s t a b l e  a t  de ten t ion  times considerably longer  than t h e o r e t i -  
c a l  minimum deten t ion  time based on labora tory  c u l t u r e  d a t a .  
ing  c u l t u r e  depth i s  shown t o  amplify t h i s  e f f e c t .  

I n  s p i t e  of t h e  obvious over -s impl i f ica t ion  of  cons ider ing  only  l i g h t  and carbon 
limits i n  descr ib ing  t h e  behavior  of mass a l g a l  c u l t u r e ,  comparisons t o  a c t u a l  f i e l d  
d a t a  suggest t h a t  these  two parameters w i l l  be of  paramount importance i n  cont ro l l ing  
n e t  a l g a l  cel l  product ion rates. 

These r e s u l t s  suggest  t h a t  t h e  growth responses  of  many a l g a e  used i n  mass 

The environmental modi f ie rs  of primary 

The e f f e c t  of increas-  

NOMENCLATURE 

BOD = I n f l u e n t  BOD 
BOD' = Eff luent  BOD: E 

P, = Light s a t u r a t e d  photosynthe t ic  r a t e  
P = Average photosynthe t ic  r a t e  
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C02f = Free carbon dioxide concentration t = Time 
V = Reactor volume 
X1 = Influent algal cell concentration 
X2 = Effluent algal cell concentration 
XA = Algal cell concentration 
XB = Bacterial cell concentration 
YB = Bacterial yield coefficient 

light intensity curve 

2f [C02J2 = Effluent CO 
= Influent total carbon concentra- 

cT1 t ion 
C T ~  = Effluent total carbon concentra- 

tion 

concentration 

oxidized 
D = Dilution rate 
I = Effective light level 
k = BOD decay coefficient 
Kb = Bacterial decay coefficient 
Kd = Algal decay coefficient 
K = Overall algal productivity 

a = Slope of photosynthetic rate vs. [C02]s = Atmospheric equilibrium COzf 

a. = C0zf fraction of CT 
a, = HCQ; fraction of CT 
a2 = CO- fraction of CT 

C1 = Moles C02 produced per mg BOD5 

3 
u = Specific growth rate 

pmax = Maximum specific growth rate 
0 = Hydraulic detention time = 1/D 

(from Pipes, 18)  
K L ~  = CO2 transfer coefficient 

KSCO~ = COZf concentration at which 
N = 112 umax 
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Figure I n .  Theoretical algal cell biomass vs. detention time in a ight 
limited continuous culture. 
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Figure 11. Prediction of culture pH based on algal response to COzf  and batter- 
i a l  CO production with influent BOD5 = 500 mg/9.. 2 

Figure 12. Effect of bacterial biomass production from BOD degradation on 
algal biomass density. 
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